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Abstract Amphibole-bearing gneiss fragments are com-
mon in the impact breccias of the Xiuyan crater, China.
Three kinds of amphibole-bearing gneiss fragments with
different shock-metamorphic levels have been identified.
Shock-metamorphic features of amphiboles in these
gneisses were investigated in situ by optical microscope,
electron microprobe, Raman spectroscopy, and X-ray dif-
fraction. Amphiboles in the weakly shocked gneiss (shock
pressure less than 10 GPa) basically remain intact.
Amphiboles in the moderately shocked gneiss (shock
pressure range between 35 and 45 GPa) show strong
deformation, reduced optical interference color, and partial
loss of OH-. In the strongly shocked gneiss (shock pres-
sure above 50 GPa), amphiboles are completely melted and
dendritic pyroxenes crystallize from the melt. The forma-
tion of dendritic pyroxenes shows nearly complete loss of
water in the amphibole melt at shock-induced high tem-
perature above 1,500 C. The occurrence of both diopside
and pigeonite dendrites crystallized in the same amphibole
melt shows inhomogenous melt composition and rapid
cooling of the melt.
Keywords Shock metamorphism  Amphibole  Water
loss  Pyroxene crystallization
Introduction
Amphiboles [A0–1X2Y5[T4O11]2(OH,F,Cl)2, where A =
Na, K; X = Ca, Na, Li, Mn, Fe2?, Mg; Y = Mg, Fe2?,
Mn, Al, Fe3?, Ti, Cr; and T = Si, Al] occur in many ter-
restrial metamorphic and igneous rocks. Similar to pyrox-
enes (XY[T2O6], where X = Na, Ca, Mg, Fe
2?, Mn, Li;
Y = Mg, Fe2?, Mn, Al, Fe3?, Cr, Ti and T = Si, Al),
amphiboles belong to chain silicates. There is a wide range
of cation substitution in amphiboles and pyroxenes. Both
amphiboles and pyroxenes can crystallize into monoclinic
and orthorhombic structures depending on composition and
p–T conditions, where amphiboles adopt a double chain
structure and pyroxenes form a single chain structure. In
chemical composition, the major differences between
amphiboles and pyroxenes are that the former contain
essential hydroxyl (OH-) or halogen (F, Cl) and that the
latter contain no volatile component. Amphiboles are
generally less dense than the corresponding pyroxenes.
Natural shock-metamorphic features of pyroxenes in
meteorites are well understood (Sto¨ffler et al. 1986; Rubin
et al. 1997). Pyroxenes display shock-metamorphic effects
of undulatory extinction, planar fractures, and irregular
fractures when shock pressures are below 15 GPa (Sto¨ffler
et al. 1991; Rubin et al. 1997). At shock pressures between
20 and 45 GPa, a shock wave can produce shock effects of
mosaicism, planar fractures, and mechanical twinning in
pyroxenes (Sto¨ffler et al. 1986; Xie et al. 2001). At high
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pressure, ferromagnesian pyroxenes can transform to dense
polymorphs, such as majorite, akimotoite, and an uncon-
firmed silicate perovskite (Chen et al. 1996; Tomioka and
Fujino 1999) at peak shock pressures of more than 45 GPa
(Price et al. 1979). Although amphiboles have been iden-
tified in a few martian meteorites (Floran et al. 1978;
Minitti et al. 2008), they are rare in most other meteorites.
Shock effects of amphiboles in meteorites are not well
investigated in comparison with pyroxenes. The informa-
tion about shocked amphiboles comes mainly from the
samples of terrestrial impact craters, such as in the shock-
metamorphosed amphibole-bearing gneiss of the Ries
crater (Chao 1967; Sto¨ffler 1972) and in the amphibolite
and gneiss of the Puchezh-Katunky crater (Feldman 1992).
Besides natural shock events, shock loading experiments
also provide some shock-metamorphic information of
amphibole (Sazonova et al. 2007) and amphibolite (Bely-
atinskaya et al. 2010). It was observed that planar fractures,
mechanical twinning, and deformation twins can be pro-
duced in amphiboles at shock pressures \30 GPa (Chao
1967; Sto¨ffler 1972; Sazonova et al. 2007; Belyatinskaya
et al. 2010). At shock pressures above 45 GPa, amphiboles
from the Ries crater decomposed into iron oxide and a
silicate glass (Chao 1967; Sto¨ffler 1966, 1972). However,
in shock experiments of amphiboles, where the shock
pressure was up to 52 GPa, amphiboles did not decompose,
but were fractured and many amorphous thin veinlets could
be observed in the amphibole grains (Sazonova et al. 2007;
Belyatinskaya et al. 2010). It appears that the shock effects
of amphiboles are obviously different from pyroxenes at
high shock pressure.
Xiuyan is a simple crater 1.8 km in diameter in north-
eastern China (Fig. 1a) (Chen et al. 2010a). The crystalline
basement rocks of the crater is a Proterozoic metamorphic
complex composed of amphibolite, gneiss, granulite, and
marble (Fig. 1b). Typical shock-metamorphic features of
minerals in rock fragments of impact breccias from drill
core include planar deformation features (PDFs) in quartz
(Chen et al. 2011), diaplectic glass of quartz and feldspar
(Chen et al. 2013a), TiO2-II (Chen et al. 2013b) and reidite
(Chen et al. 2013a), vesicular feldspar glass (Chen et al.
2010b), silica glass, and coesite (Chen et al. 2010b). Based
on these shock effects of minerals, a peak shock pressure
from 10 GPa to more than 50 GPa can be estimated in
different samples of the shocked rocks. The gneisses
commonly contain small amounts of amphiboles. There-
fore, amphiboles in amphibolites and gneisses are ideal
samples for the investigation of shock effects of amphi-
boles over wide ranges of pressure and temperature. Here,
we report preliminary results of shock-metamorphic fea-
tures of amphiboles in this crater.
Samples and analytical methods
Xiuyan crater has a bowl-shaped structure (Fig. 2). A
borehole was drilled previously at the center of the Xiuyan
crater (Chen et al. 2010a). An impact breccia unit about
188 m in thickness is located under 107-m-thick lacustrine
sediments (Fig. 2). The impact breccia unit is loosely
consolidated and consists mainly of lithic impact breccias
and some suevites. The lithic impact breccia is composed
of gneiss, granulite, amphibolite, and marble fragments up
to 30 cm in size, and mainly occurs in the depth interval of
107–260 m. The suevite mainly occurs in the depth interval
from 260 to 295 m. The suevite is composed of fragments
of gneiss, granulite, amphibolite, quartz, and feldspar, fine-
grained matrix, as well as glass inclusions.
Gneiss in the impact breccias is composed of quartz
(30–40 %), plagioclase (50–60 %), amphibole (\15 %),
and other accessory minerals (zircon, magnetite, and rutile).
Gneiss fragments with different degrees of shock metamor-
phism can be found in the drill cores. We selected three kinds
of gneiss fragments including weakly, moderately, and
Fig. 1 Geographical and geological setting of the Xiuyan crater. a Location of the Xiuyan crater in China. b Simplified geological map of the
area of Xiuyan crater
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strongly shocked gneiss fragments for this investigation. The
weakly shocked gneiss is recovered from the fragments at the
depth of 112 m, whereas the moderately and strongly
shocked gneisses are from the suevite at the depth of 295 m
(Fig. 2). A total of 30 polished thin sections were prepared
from the gneiss samples, and then first observed with an
optical microscope in both transmitted and reflected light to
characterize their shock effects.
Raman spectra of minerals were measured in the range
of 200–1,200 cm-1 and 3,400–3,900 cm-1 by a Renishaw
RM-2000 instrument (Ar? laser, 514 nm line) at the
Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIGCAS) with a 60 s acquisition time. Raman
spectra of OH- in amphiboles in the range 3,400–3,900 cm-1
were also detected by a Horiba JY LabRAM spectrometer
(He–Ne laser, 532 nm line) at the GIGCAS with a 24 s
acquisition time.
Backscattered electron images of samples and quanti-
tative analyses of minerals were obtained with a JEOL
JXA-8100 electron microprobe at the Key Laboratory of
Submarine Geosciences (KLSG), the Second Institute of
Oceanography, State Oceanic Administration, China. The
analyses were conducted with an acceleration voltage of
15 kV, a beam current of 20 nA, and a peak counting time
of 20 s. A set of standards (synthetic and natural minerals
and oxides) from SPI Supplies, USA and from National
Technical Committee for Standardization of Microbeam
Analysis, China was used for routine calibration. The ZAF
method was employed to correct the raw data. Detection
limits were between 60 and 350 ppm by weight for all
elements and the standard deviations were between 0.32
and 0.78 %.
Micro X-ray diffraction (XRD) analyses of minerals
were performed with a Rigaku D/max Rapis IIR micro
XRD system at Central South University, Changsha,
China. The X-ray beam with 100 lm diameter was focused
on the selected area of the thin sections. The sample was
rotated during the measurement. Analyses were acquired at
40 kV and 250 mA (CuKa) through 20 min X-ray
exposure.
Results
Weakly shocked amphiboles
There are a large number of intact or weakly shocked gneiss
fragments in the impact breccia unit in the depth interval
from 107 to 260 m. Figure 3 shows microphotographs of
thin sections of the weakly shocked gneiss fragment sample.
Quartz and feldspar in the gneiss are weakly deformed and
contain cracks and fractures. Quartz commonly displays
undulatory extinction (Fig. 3b). The amphiboles commonly
occur as polycrystalline aggregates among feldspar and
quartz. Most amphibole crystals are from 100 to 300 lm in
grain size. The amphiboles display normal optical proper-
ties. The pleochroism is from dark brown to yellowish
brown or pale yellow under plane-polarized light, and the
optical interference color under cross-polarized light is
from first order yellow to second order blue-green. Twins
can be observed in many amphibole crystals (Fig. 3d).
The Raman spectrum of amphibole displays peaks at
223, 667, *1,033, and 3,671 or 3,696 cm-1 (Figs. 4a, 5a).
The Raman peak at 667 cm-1 is assigned to the bending
modes of the Si–O–Si bridges, whereas the peak at
223 cm-1 is assigned to a lattice vibration (White 1975;
Shurvell et al. 2001; Huang 2002). The Raman peak
between 1,000–1,150 cm-1 is characteristic of the
Fig. 2 Schematic cross section of the Xiuyan crater and the stratigraphy at the central borehole. The black arrows indicate positions of the
samples
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antisymmetric stretching vibrations of Si–Ob–Si bridges
(Kloprogge et al. 2001; Rinaudo et al. 2004; Apopei and
Buzgar 2010). The broad band at 3,671 or 3,696 cm-1 can
be attributed to hydroxyl (OH-) (Kloprogge et al. 2001; Su
et al. 2009).
The amphibole contains 37.74 wt% SiO2, 15.28 wt%
Al2O3, 16.95 wt% FeO, 13.05 wt% MgO, 9.81 wt% K2O,
and 2.6 wt% TiO2 and can be classified as K-rich gedrite
(Table 1) (Martin 2007). The calculated chemical formula
of the K-rich gedrite is (Mg2.94Fe2.12K1.88Al0.34Ti0.29-
Na0.04Mn0.02Cr0.01)7.64(Si5.67Al2.33)8.00O22(OH)2 (Table 2).
Moderately shocked amphiboles
Moderately shocked amphiboles were observed in some
gneiss fragments in melt-bearing impact breccias recovered
Fig. 3 Micrographs of weakly
shocked amphiboles in gneiss.
a Amphiboles occur among
quartz and feldspar, plane-
polarized light. b A crossed-
polarized light image of Fig. 3a.
Quartz displays undulatory
extinction. c Polycrystalline
aggregates of amphiboles,
plane-polarized light. d A
crossed-polarized light image of
Fig. 3c. Amphiboles show some
twins and first order yellow and
second order blue-green
interference color. Am
Amphibole, Fsp Feldspar, Qz
Quartz
Fig. 4 Raman spectra of amphiboles analyzed by 514 nm line Ar?
laser. a Weakly shocked amphibole; b moderately shocked amphi-
bole; c pyroxene crystallized from melt
Fig. 5 Raman spectra of the OH- in the weakly shocked amphiboles
(a) and the moderately shocked amphiboles (b, c) analyzed by
532 nm line He–Ne laser
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at a depth of 260–295 m. In the gneiss fragments, feldspar
and quartz were strongly deformed and some of them have
transformed to diaplectic glasses (Fig. 6). No flow or
vesicular texture was observed in the glasses. Diaplectic
quartz glass usually contains some traces of PDFs (Fig. 6c,
d). Figure 6e and f show a strongly deformed feldspar grain
that displays interference colors from dark to gray. It
indicates that the strong deformed feldspar becomes par-
tially amorphized.
Amphiboles occur as euhedral or subhedral tabular
crystals that are usually surrounded by diaplactic quartz
and feldspar glasses. These amphiboles are strongly
deformed and contain a number of cracks and fractures
(Fig. 6a, b). Twins have also been observed in some
amphibole crystals. Optical interference colors of amphi-
boles are obviously reduced to first order yellow and pale
yellow. No vitrification of amphibole is observed.
Raman spectroscopic analyses show that the moderately
shocked amphiboles also display the Raman peaks at 223,
671, and 3,672 or 3,662–3,676 cm-1, which can be com-
pared to the Raman spectra of the weakly shocked
amphiboles (Figs. 4b, 5b, c). However, the intensity of the
Raman band of OH- from the moderately shocked
amphiboles becomes much weaker than that from the
weakly shocked amphiboles (Fig. 5).
The amphibole contains 55.59 wt% SiO2, 1.49 wt%
Al2O3, 10.74 wt% FeO, 19.64 wt% MgO, and 8.29 wt%
CaO and can be classified as tremolite (Table 1) (Huang
2002). The calculated chemical formula of the tremo-
lite is (Mg4.02Fe1.22Ca1.21Na0.10K0.06Mn0.02Ti0.02)6.65
(Si7.59Al0.24)7.83O22(OH)2 (Table 2).
Strongly shocked amphiboles
Strongly shocked amphiboles were found in some gneiss
fragments in melt-bearing impact breccias recovered at the
depth of 295 m. In this kind of gneiss fragments, feldspar
was completely transformed to a vesicular glass, whereas
quartz was converted to silica glass and lechatelierite
(Fig. 7a). The silica glass displays no flow texture-like
lechatelierite, but contains a number of needle-like, den-
dritic and granular coesite grains (Fig. 7b), which is char-
acteristic for crystallization from silica melt (Chen et al.
2010b).
Amphiboles in the gneiss were strongly shock-metamor-
phosed and occur as irregular patches among silica glass and
vesicular feldspar glass (Fig. 8a). These patches are opaque
under transmitted light of the optical microscope, and no
amphibole crystals or fragments can be found in the patches.
Under reflected light of the optical microscope and on the
backscattered electron image, these patches display a num-
ber of dendritic silicate microcrystals with lengths and
widths of 5–80 lm and 1–10 lm, respectively (Fig. 8b).
These dendrites are associated with interstitial silicate glass.
According to the broad beam (20 lm in diameter) electron
microprobe analytical data (Table 1), the calculated chem-
ical formula is (Na0.89K0.03)0.92(Fe2.88Al0.91Mg0.79Ca0.77
Ti0.03Mn0.01)5.39(Si7.30Al0.70)8.00O22(OH)2 (Table 2), which
is similar to sodic amphiboles (Huang 2002; Hawthorne and
Oberti 2007).
Raman spectroscopic analyses show that the dendritic
silicates display two Raman peaks at 663 and 1,011 cm-1,
and no OH- band can be detected (Fig. 4c), which is a
typical pyroxene spectrum (Tribaudino et al. 2012). The
peak at 1,011 cm-1 is ascribed to stretching modes of Si
Table 1 Chemical compositions of minerals analyzed by electron
microprobe (in wt%)
Weakly
shocked Am
Moderately
shocked Am
Strongly
shocked Am
Diopside Pigeonite
SiO2 37.74 55.59 51.88 52.50 48.1
TiO2 2.60 0.22 0.27 0.04 0.2
Al2O3 15.28 1.49 9.7 3.46 3.08
Cr2O3 0.06 – 0.01 – 0.02
FeO 16.95 10.74 24.54 6.04 33.47
MnO 0.13 0.18 0.08 0.24 0.24
MgO 13.05 19.64 3.73 14.83 8.73
CaO 0.01 8.29 5.12 22.77 5.53
Na2O 0.14 0.38 3.28 0.18 0.7
K2O 9.81 0.36 0.19 0.01 0.02
P2O5 0.02 – 0.01 0.01 –
Total 95.77 96.89 98.79 100.07 100.1
Am Amphibole
Table 2 The calculated chemical formulae of amphiboles and pyroxenes
Mineral Formula
Gedrite (Mg2.94Fe2.12K1.88Al0.34Ti0.29Na0.04Mn0.02Cr0.01)7.64(Si5.67Al2.33)8.00O22(OH)2
Tremolite (Mg4.02Fe1.22Ca1.21Na0.10K0.06Mn0.02Ti0.02)6.65(Si7.59Al0.24)7.83O22(OH)2
Sodic Am (Na0.89K0.03)0.92(Fe2.88Al0.91Mg0.79Ca0.77Ti0.03Mn0.01)5.39(Si7.30Al0.70)8.00O22(OH)2
Diposide (Ca0.89Fe0.10Na0.01)1.00(Mg0.82Fe0.08 Al0.08Mn0.01Ti0.01)1.00[(Si1.93Al0.07)2.00O6]
Pigeonite (Fe0.71Ca0.24Na0.05)1.00(Mg0.52Fe0.41 Al0.06Mn0.01)1.00[(Si1.92Al0.08)2.00O6]
Am Amphibole
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and non-bridging O1 and O2 atoms within the SiO4 tetra-
hedron, whereas the most intense peak at 663 cm-1 is due
to chain bending and/or stretching (Wang et al. 2001).
The composition of dendritic silicates was analyzed by
electron microprobe. Two types of silicates compositions
have been detected in the dendrites occurring in the same
patch (Table 1), which correspond to diopside and
pigeonite, respectively (Anthony et al. 1995). The diopside
is relatively rich in CaO (22.77 wt%) and MgO (14.83 wt%),
whereas pigeonite is relatively rich in FeO (33.47 wt%). The
calculated chemical formulae of the diopside and pigeonite
are (Ca0.89Fe0.10Na0.01)1.00(Mg0.82Fe0.08 Al0.08Mn0.01-
Ti0.01)1.00[(Si1.93Al0.07)2.00O6] and (Fe0.71Ca0.24Na0.05)1.00
(Mg0.52Fe0.41 Al0.06Mn0.01)1.00[(Si1.92Al0.08)2.00O6], respec-
tively (Table 2).
X-ray diffraction analyses were conducted at the areas of
strongly shocked amphiboles on the thin sections. Forty dif-
fraction lines were obtained (Fig. 9), from which several
minerals including diopside, pigeonite, quartz, and cristoba-
lite can be indexed (Table 3). Both diopside and pigeonite
belong to clinopyroxene. A total of 26 diffraction lines can be
assigned to diopside with cell parameters of a = 9.730(4) A˚,
b = 8.919(5) A˚, c = 5.195(4) A˚, and b = 105.97(5). A
total of 29 diffraction lines can be assigned to pigeonite
with cell parameters of a = 9.702(9) A˚, b = 8.964(6) A˚,
c = 5.254(8) A˚, and b = 108.6(1). The existence of small
amounts of quartz and cristobalite shows the partial recrys-
tallization of silica melt that occurred in the surrounding of the
shocked amphibole, which is in agreement with the previous
analytical results of the same sample (Chen et al. 2010b).
Fig. 6 Microphotographs of
moderately shocked
amphiboles. a Amphibole
contains many cracks and
fractures, plane-polarized light.
b A crossed-polarized light
image of Fig. 6a. Amphibole
displays reduced optical
interference colors, such as first
order yellow and pale yellow.
Shock-metamorphosed quartz
and feldspar become isotropic.
c Diaplectic feldspar and quartz
glasses. Diaplectic quartz glass
contains some traces of planar
deformation features (PDFs),
plane-polarized light.
d A crossed-polarized light
image of Fig. 6c shows
isotropic diaplectic feldspar and
quartz glasses. e–f Strongly
shock-metamorphosed feldspar
shows partial amorphization.
The feldspar grains appear
mostly isotropic under cross-
polarized light when rotating the
sample. Am Amphibole,
D-Qz-gls Diaplectic quartz
glass, D-Fsp-gls Diaplectic
feldspar glass
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Discussion
Shock pressure and temperature history
The pressure and temperature history of shocked rocks can
be constrained according to shock effects of quartz and
feldspar (Sto¨ffler 1971, 1972; Harrison and Ho¨rz 1981;
Velde et al. 1989; Sto¨ffler and Langenhorst 1994; Grieve
et al. 1996; Sto¨ffler and Grieve 2007). Based on the shock
effects of quartz and feldspar in the gneisses of the Xiuyan
crater, we estimate shock pressures and shock temperatures
for the samples: (1) The weakly shocked gneiss. Major
deformation features in quartz and feldspar are cracks,
fractures, and undulatory extinction. No PDFs are
observed. The peak shock pressure and shock temperature
in the sample are, therefore, estimated as \10 GPa and
\300 C, respectively. (2) The moderately shocked gneiss.
Most quartz and feldspar were transformed to diaplectic
glass. No shock melting of rock-forming minerals took
place. The peak shock pressure and shock temperature in
the sample are estimated as 30–45 GPa and 300–900 C,
respectively. (3) The strongly shocked gneiss. Feldspar was
completely transformed to a vesicular glass. The melting of
quartz and crystallization of coesite from silica melt show
that the peak shock pressure and temperature are[50 GPa
and [1,500 C, respectively.
Shock-induced water loss in amphiboles
The structure and composition of the amphiboles in the
weakly shocked gneisses were basically not affected by the
impact event. Its physical properties remain intact. Raman
spectroscopic analysis of the amphiboles revealed a strong
OH- band at the expected position (Fig. 5a). It appears that
a peak shock pressure less than 10 GPa does not damage
the crystal structure of amphibole.
The moderately shocked gneiss had suffered a peak shock
pressure up to 30–45 GPa, which could cause a shock tem-
perature up to 900 C. Amphiboles in the sample are strongly
deformed and show abundant fractures and reduced optical
interference color. These shock effects of mineral are similar
to previously reported features of amphiboles in moderately
shocked samples in the Ries crater (Chao 1967). It appears
that amphiboles can survive a peak shock pressure up to
45 GPa. However, our Raman spectroscopic analysis reveals
more or less water loss in amphiboles in this shock pressure
and temperature regime. In comparison with normal
amphiboles, the Raman band of OH- in the moderately
shocked amphiboles becomes quite weak (Fig. 5b, c).
Obvious water loss in serpentine had been demonstrated
by shock devolatilization experiments from 17.5 to 35 GPa
(Lange and Ahrens 1982; Tyburczy et al. 1990). However,
shock experiments of hornblende at peak shock pressures
of 30–35 GPa showed that, although a single sample of
shocked hornblende yielded\0.1 wt% H2O loss relative to
the unshocked sample, other samples gained water contents
(?0.07 wt% H2O) relative to the unshocked hornblende,
which was attributed to shock-induced reduction of Fe in
hornblende and/or irreversible adsorption of hydrogen
Table 3 Indexed peaks of XRD pattern for minerals
d (A˚) I % Quartz
hkl
Cristobalite
hkl
Diopside
hkl
Pigeonite
hkl
4.2602 1.5 100
4.0426 12.1 101
3.7557 8.7 211
3.6401 6.7 111
3.3443 44.8 011
3.2108 49.2 220
2.9962 31.7 221
2.9449 29 310
2.8982 11.7 311 310
2.8407 6.8 102
2.565 6.5 131
2.514 100 221 320
2.4581 2.9 110
2.2939 24.8 311 400
2.2116 21.8 040 222
2.1307 53.2 330
2.1052 26.3 421
2.0378 5 402
2.0205 14.4 202 041
2.0002 4.7 240 240
1.9271 6 113 141
1.8168 35.5 112 132 331
1.7695 6.6 421 502
1.7482 7.5 150 150
1.7127 6.1 312 213
1.671 19.4 022 242 242
1.6256 41.2 441
1.5419 13 211 350 351
1.5042 9.7 332 233
1.4808 4.2 060 333
1.4166 30.4 300 523
1.372 23.8 031 243 243
1.3198 17.7 204 700
1.287 19.9 104 322 550 451
1.2619 9.6 703 640
1.2165 6.5 703 171
1.1828 3.9 114 323 602 333
1.1525 6.6 311 604 263
1.0714 9.1 280
1.0657 12.8 443
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(Minitti et al. 2008). However, our investigations show that
the moderately shocked amphiboles in the Xiuyan crater
experienced water loss, not an increase in water content.
Shock melting of amphiboles and crystallization
of pyroxenes
Previous studies showed that strongly shocked amphiboles
decompose into iron oxide and a glass (Chao 1967; Sto¨ffler
1966, 1972). In these naturally shocked samples, feldspar
transforms to vesicular glass, hence indicating a higher
shock-induced temperature exceeding the breakdown
temperature of the amphiboles (Chao 1967). Static exper-
imental results showed that amphibole could decompose to
pyroxene ? quartz ? H2O at temperatures above 700 C
(Deer 1963; Freeman and Frazer 1968; Xu et al. 1996;
Inoue et al. 1998; Evans 2007). Shock loading experiments
showed that amphibole can transform into an amorphous
Fig. 7 Optical microscopic
images of the strongly shocked
gneiss in plane-polarized
transmitted light. a Coesite-
bearing silica glass is
surrounded by vesicular
feldspar glass (V-Fsp-gls). b A
high magnification image in
Fig. 7a shows that granular
coesite (Coe) grains occur in
silica glass (Si-gls). The coesite
embedded in silica glass shows
brownish color
Fig. 8 Strongly shocked amphiboles in gneiss. a Shocked amphibole
enclosed in vesicular feldspar glass (V-Fsp-gls) shows opaque patches
(black areas) under transmission light, plane-polarized light.
b Backscattered electron image of shocked amphiboles shows that
the patch is composed of a number of micrometer-sized dendrites of
pyroxenes (Px) associated with interstitial silicate glass
Fig. 9 XRD pattern of the
patch containing strongly
shocked amphiboles on thin
section. Qz Quartz, Crs
Cristobalite, Cpx Clinopyroxene
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phase under a shock pressure of 52 GPa (Sazonova et al.
2007). Our investigation shows that the strongly shock-
metamorphosed amphiboles in the gneiss of the Xiuyan
crater did not become amorphous. On the contrary, the
occurrence of dendritic pyroxene in the shocked amphi-
boles is characteristic for crystallization from silicate melt
(Fig. 8b). It is quite possible that the duration of shock-
induced high temperature events in natural impacts is much
longer than that in shock experiments (Chen et al. 1996). In
the strongly shocked amphiboles in the gneiss from the
Xiuyan crater, shock temperature is above 1,500 C. All
rock-forming minerals including quartz, feldspar, and
amphibole in the gneiss were melting. However, a liquid
corresponding to congruent melting of all minerals in the
gneiss was not produced. Quartz, feldspar, and amphibole
in the gneiss were melted in situ and transformed into three
types of immiscible mineral melts. This implies that the
duration of shock-induced high temperature is too short to
form a single silicate melt. Coesite crystallized from silica
melt during pressure release, and the remaining silica melt
had subsequently solidified as silica glass when cooling
down. Feldspar melt had solidified as vesicular glass. The
amphibole melt did not solidify as a glass with bulk
amphibole composition. Although the patches of the
shocked amphiboles in the gneiss have a bulk composition
similar to amphiboles (Table 1), they are composed of
several phases including dendrites of diopside and
pigeonite as well as interstitial silicate glass. The dendritic
pyroxenes obviously crystallized from the shock-produced
amphibole melt. The occurrence of two kinds of pyroxenes
including diopside and pigeonite identified in the same
amphibole melt patch indicates inhomogenous composition
within the melt as well as a rapid crystallization of den-
dritic pyroxene from the melt in response to fast cooling.
The crystallization of pyroxene, instead of water-bearing
minerals, from the shock-produced amphibole melt is
indicative of nearly complete loss of water from the melt at
high shock temperatures.
Conclusions
The amphiboles occurring in the Xiuyan impact crater
display different shock-metamorphic features. Amphiboles
shocked to a pressure less than 10 GPa remain intact in
structure and composition. Amphiboles shocked to a
pressure between 30 and 45 GPa show strong deformation,
reduced optical interference color, and partial loss of OH-.
Amphiboles shocked to a pressure above 50 GPa are
completely melted, and the dendritic pyroxenes have
crystallized from the shock-induced silicate melt during
cooling. The formation of pyroxenes in the shock-induced
silicate melt shows nearly complete loss of water in the
amphibole melt at shock-induced high temperature above
1,500 C.
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